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Abstract 
Prompt K x-ray production yields in 238U(n,f) have been measured for the first time at fast and intermediate neutron 
energies using the GEANIE array of germanium detectors at the Los Alamos Neutron Science Center. Results are 
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1. Introduction 
Nuclear fission is accompanied by the prompt emission of gamma rays originating in the de-excitation 
of the fission fragments. Some of the gamma-ray transitions are converted to electron emission through 
the internal conversion process resulting in prompt x-ray emission, mainly from the K shells of the atom. 
As discovered over 40 years ago, this phenomenon is the source of the majority of the prompt x-rays 
emitted in fission [1]. Both gamma and x-ray emission are poorly characterized for fast neutron-induced 
fission, and measurements provide basic data as a component of the total emitted energy in fission.  
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2. Experiments 
The array of high-resolution germanium photon spectrometers GEANIE (Germanium Array for 
Neutron Induced Excitations [2]) at the Los Alamos Neutron Science Center [3] is a perfect tool to 
investigate prompt photons in fission. This instrument is located on one of the Weapons Neutron Research 
facility neutron flight paths where neutrons are delivered in pulsed mode with a kinetic energy spectrum 
extending from below 1 MeV to hundreds of MeVs. Experiments were conducted at GEANIE with 
passive targets of uranium to record photon spectra as a function of incident neutron energy. From these 
data, excitation functions for the production of about 20 fission fragments were extracted, most had even 
proton and neutron numbers (even-even nuclei) for which the prompt decay involves a rotational band 
with intense low lying transitions [4,5]. 
A more sensitive experiment was performed with an active target consisting of a stack of thin uranium 
layers deposited onto photovoltaic cells used as fission fragment detectors [6,7]. Fragment detection was 
used to trigger data recording so that photon data was obtained in coincidence with fission. The active 
target was designed for reduced photon attenuation. Also, GEANIE was optimized for the detection of 
lower energy photons in order to investigate fission x-rays. Because of its internal conversion origin, x-ray 
emission is favored for nuclei away from closed nuclear shells, and for fission fragments with odd 
nucleon numbers.  
3. Fission x-ray measurements and calculations 
Fission prompt x-ray spectra have been obtained for the first time for 238U(n,f) for high energy incident 
neutron energies. These spectra have been de-convoluted in terms of x-ray lines (mainly KĮ doublets and 





















Figure 1: Example of x-ray spectrum de-convoluted in terms of x-ray lines. 
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This analysis provided fission x-ray yields for various bins of incident neutron energy from 1 MeV to 
800 MeV (Fig. 2). Two trends are visible in the variation as a function of neutron energy: for atomic 
numbers corresponding to asymmetric fission, yields are generally decreasing as neutron energy increases 


















Figure 2: Fission x-ray yields as a function of Z for 5 different incident neutron energy bins. Note the different trends with neutron 







Figure 3: Variation of fission x-ray yields as a function of incident neutron energy for elements corresponding to the light (left 
panel), heavy (right panel) and intermediate (central panel) fragment group.  
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A detailed calculations of x-ray yields using all current data on level schemes and the Wahl systematics 
for fission yields [8] have been performed. As shown in Fig. 4 for an average incident neutron energy of 3 
MeV, agreement between measurements and calculation is fair overall. However for some Z-numbers 
measurement far exceeds calculation suggesting that some converted transitions are missing in tabulated 
level schemes. This missing information in current level scheme data is obvious for instance in the case of 
the heavier isotopes of iodine for which only very few levels are currently known. In some other cases, 
calculation exceeds measurement suggesting that prompt gamma decay may use pathways involving 






















Figure 4: Calculated x-ray yields as a function of Z (blue line) compared to measurements (red squares). 
 
 
4. Fission charge yields 
These x-ray data have also been exploited in investigating the charge yields of fission fragments. This 
study is based on earlier measurements at thermal neutron energies (239Pu, 233U, 235U) and for spontaneous 
fission of 252Cf of the x-ray emission probabilities per fragment [9]. This earlier work demonstrated that 
the Z-dependent x-ray emission probability vary only weakly from one fissioning system to the other. 
Assuming they are still valid to approximate the true emission probabilities in our case, we have deduced 
the fission charge yields by multiplying the measured x-ray yields by these Z-dependent x-ray emission 
probabilities associated with an enlarged uncertainty to account for the differences in the fissioning 
system and excitation energy. Results are given in Fig. 5. A rather good agreement is observed with the 
Wahl systematics [8].  
 
 


















Figure 5: Fission charge yields in 238U(n,f) for 5 groups of incident neutron energy (labeled with their average energy) obtained from 
measured x-ray yields using Z-dependent x-ray emission probabilities per fragment as measured for thermal neutron induced fission 
of 235U and spontaneous fission of 252Cf with an assigned 50 % uncertainty. 
 
5. Conclusion and perspectives 
Measurements of prompt fission x-ray yields have been measured for the first time in 238U(n,f) for fast and 
high neutron energies. These results are basic data of the fission process. They can be used to locate 
missing data in nuclear level scheme libraries such as highly converted gamma transitions and pathways 
involving isomeric states with half-lives larger than tens of nanoseconds. Moreover, these data have been 
used to infer fission charge yields, showing a fair agreement with the Wahl systematics. Also, today 
several model calculations are being developed around the world to perform calculations of fission 
observables such as prompt neutrons and gamma ray spectra and multiplicity. The implementation of 
internal conversion models in these calculations will permit the comparison with our results on x-ray 
yields. These comparisons will provide another way of testing the validity of the models involved and 
constraining some of their parameters. A higher data rate experiment is planned using a recently 
developed parallel-plate avalanche counter [10] to allow x-ray-gamma-ray coincidence measurements.  
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